This study aimed to investigate the effects of Cu addition on the properties of the 10CrNi3MoV steel weld metals prepared in the laboratory according to the flux-cored arc welding (FCAW) method. Specifically, the 10CrNi3MoV steel FCAW joints had been fabricated based on the as-prepared fluxcored wires after adding various Cu contents under the M21 mixed gas protection environment. Subsequently, the relationships of the micro-structural factors with the mechanical properties and corrosion behavior of the weld metal were examined through the metallographic, mechanical, EIS and SVET methods using the specimens cut transversely to the weld beads. Our research results had suggested that the addition of appropriate amount of Cu contributed to refining the grain size and improving the mechanical properties of the weld metals. Besides, it could also enhance the corrosion resistance of the FCAW welded metals, as verified through the conventional EIS and the localized microelectrodes (SVET) measurement.
INTRODUCTION
The 10CrNi3MoV high strength steel has been extensively applied in numerous industries, including pressure vessels, shipbuilding, offshore platforms, and marine structures, which can be ascribed to its superior physical properties, such as high yield strength, suitable toughness and excellent weldability [1, 2, 3] . The welding technologies including the keyhole deep penetration TIG and hybrid laser/arc welding, have been advanced recently, which facilitates the production of various high strength steel weld structures and components [4, 5] . However, the welded joints of those structures often used in seawater and related environments remain prone to corrosion, despite of the use of advanced weld processing techniques. Such phenomenon may be attributed to the following factors, (i) variation in composition, (ii) accumulation of residual stress, and (iii) modification in microstructure within the weld zone [6] .
Notably, it is of vital significance for researchers to characterize, quantify, predict the corrosion behavior, and search for the potential way to prevent corrosion, since it is quite difficult and costly to repair the corroded parts of the high strength steel weld structures. Flux-cored arc welding (FCAW) is one of the most extensively applied welding techniques, particularly in the field of heavy plates welding, like shipyards and pressure vessels. A continuous tubular flux-cored wire will be fed to the molten pool during the FCAW process. Moreover, the composition of the welded metal can be easily altered through changing the alloy elements contained in the flux, thereby improving the corrosion resistance of the 10CrNi3MoV high strength steel welded metal [7] .
So far, tremendous efforts have been made to investigate the welding process of 10CrNi3MoV the steel; however, those researchers and technicians mainly focus on the effects of various welding conditions on the mechanical and fatigue properties of the steel weld joints [3, 8, 9, 10] , while the electrochemical behaviors of 10CrNi3MoV steel, as well as the corresponding welds, have not been examined explicitly yet. For instance, Kai Wang et al. had reported the influence of the addition of different rare earth elements on the different mechanical and the electrochemical properties of the 10CrNi3MoV steel weld joints. Their research suggested that the appropriate addition of the REE to FCAW metals would enhance the mechanical properties and the corrosion resistance. The element Cu has been well recognized to boost the corrosion resistance. For instance, the addition of Cu into the ferritic, austenitic or duplex steels can positively affect the corrosion resistance in the sulfuric acid [11] . Nonetheless, the Cu addition amount must be under strict control based on the steel metallurgy principle, and excessive addition of Cu will negatively impact the physical properties of steel. Hence, this work aimed to examine the influence of Cu addition on the properties of the 10CrNi3MoV steel weld metals prepared through the FCAW process in the laboratory, especially for the correlation of Cu content with the corrosion behaviors. Our results would provide a probably efficient method for enhancing the corrosion resistance of the 10CrNi3MoV steel weld metals.
EXPERIMENT
Six different flux cored wires with the Cu content (200μm mesh, 99.9% purity) ranging from 0.0wt. % to 0.90wt. % (Table 1) had been fabricated using the XZ-YCX8 flux-cored wire production machine, among which, a cold-rolled strip was used as the sheath and a mixture powdered core, and the prepared flux-cored wire was 1.2 mm in diameter. The main composition of the slag forming materials was a rutile-fluorite alloying system, with the flux-cored filling ratio of 18%. Moreover, the 10CrNi3MoV high strength steel that was 300 mm×150 mm×15 mm in size had been utilized as the experimental base metal. The chemical composition and mechanical properties are listed in Table 2 and Table 3 , respectively. In addition, the welding machine (model: Taurus 421 forceArc DW, EWM company) had also been utilized to fabricate the welded joints. The welding parameters are displayed in Table 4 . To test the chemical composition and the mechanical properties, the FCAW weld joints had been fabricated according to the Chinese standard GB/T17493-2008, as presented in Fig.1 . Besides, Fig.1 also displays the groove dimensions and the cut mode of the test specimens. The obtained welded metals would be cut into different pieces for microstructure analyses and electrochemical measurement through linear cutting. Notably, those specimens would be mechanically polished using the semiautomatic grinding and polishing machine (Struers Tegramin 30); in addition, specimens used for metallographic observation would be rinsed with the 4 vol% nital solution. Moreover, the Arc spark OES direct reading spectrometer (SpectroL AB) would also be employed to detect the chemical composition of those specimens, and the C content would be tested by the LECO CS600 carbon-sulfur spectrometer. Additionally, the microstructure would be observed by the DMM-440D optical microscope (OM) as well as the JEOLJXA-8100 scanning electron microscope (SEM). Further, the phases and microhardness of the welded metals would be determined using the D/max-ⅢA X-ray diffractometer (XRD) and HVS-1000 micro Vickers hardness tester, respectively.
On the other hand, the electrochemical workstation (PARSTAT4000), together with the VersaSCAN electrochemical scanning system (AMETEK, VersaSCAN) would also be utilized to examine the electrochemical behaviors of the welded metals in a 3.5 wt.% NaCl water solution. Subsequently, the Electrochemical Impedance Spectroscopy (EIS) and the potentiodynamic polarization (PP) would also be carried out at the open circuit potential, with the AC drive signal amplitude of ±5 mV and the applied frequency of 10 -2 Hz-10 4 Hz. Notably, the test specimens were used as the working electrode with the working area of 100mm 2 , which should be soaked in the electrolyte for 30 min prior to testing. In the meantime, the Pt plate and Ag/AgCl (3 mol/L KCl) would serve as the auxiliary electrode and the reference electrode, respectively. Specifically, settings for the LP mode were shown as follows, the scanning potential range of ±15 mV vs OCP, and the scanning speed of 1 mV/s. Scanning vibrating electrode technique (SVET) were measured under the open-circuit potential using the Pt-Ir micro-probe. In addition, the distance between the vibrating probe and the sample surface was controlled within the range of 100 μm-140 μm using a video camera, the vibrating amplitude of the microelectrode was 30 μm, and the vibrating frequency was 80 Hz. Meanwhile, the scanning area on the working electrode surface was set as 5mm×5mm in the welded metals.
RESULTS AND DISCUSSION

Analysis of chemical composition
The chemical compositions of the series welded metals are displayed in Table 5 . As could be observed, there were slight changes in the contents of Mn, Ni and Mo when different Cu contents were added. On the other hand, Cu addition would result in marked changes in the Si content. 
Microstructures of the welded metals
Figure 2. X-ray diffraction patterns of the six welded metals with different Cu contents
The results of X-ray diffraction for each sample are shown in Fig.2 . As could be observed, those welded metals were mainly composed of the α-Fe phase, and no new phase was formed with the increasing Cu content.
The metallographic structures of the welded metals under different Cu addition amounts are presented in Fig.3 . Obviously, all welded metals had a major structure of pro-eutectoid ferrite and bainite, which was not similar to that depicted in our previous research [12] where no bainite was formed with REE addition. a inside the ferrite. Meanwhile, the grain morphology and size in Cu0 samples were not uniform. Typically, the metallographic structure of the welded metals would change obviously with the increase in Cu content. For the welded metal Cu1 with 0.11% Cu content, the microstructure was composed of block PF (3), lath ferrites (LF, 4), acicular ferrites (AF, 5) and bainite. For the welded metal Cu2 with 0.28% Cu content, the LF structure was reduced, and the microstructure mainly consisted of plenty of AF and bainite, with less block PF (6) and GB (7). Additionally, a structure of the more refined grains could be obtained, as displayed in Fig.3(b) and Fig.3(c) . Specifically, AF growth and the grain refinement effect could be attributed to the addition of Cu based on two aspects. On the one hand, as one of the austenite stabilization elements, Cu could slow down the steel transformation from austenite to ferrite and pearlite [13, 14] ; on the other hand, Cu addition could delay the recrystallisation and grain growth during the cooling process [15] . Moreover, the total amount of grain boundaries would sharply increase with the formation of AF and the refined grain size, which could enhance the resistance to dislocation motion and plastic deformation, finally leading to the enhanced strength and resistance to crack growth [16, 17, 18] . Cu precipitates could be observed in the welded metals when the Cu content had reached 0.5wt. %, as marked in Fig.3 d, e, f (8, 9, 10); besides, the amount of gray aggregates and total grain size would elevate with the increasing Cu content. In addition, grain morphology and size became non uniform and coarse when the Cu content had approached 0.89wt. %. Cu had limited solubility in iron; therefore, the Cu precipitates would be accumulated in the grain boundary when the Cu content had exceeded 0.5wt. %, which would render the distorted crystal lattice surrounding the Cu aggregates and the increased inner micro-stresses [19] . In the meantime, the Cu precipitates might reduce the mechanical and electrochemical properties of the welded metals.
The mechanical properties of the welded metals
The mechanical properties of the FCAW welded metals performed at room temperature are exhibited in Fig.4 . It could be noted from Fig.4a that, the values of tensile strength (Rm) and yield strength (Re) had increased after Cu addition. In addition, it could be clearly seen that, when the Cu content had increased from 0 to 0.28wt. %, both the yield strength and tensile strength would remarkably increase. Specifically, the tensile strength could reach the maximum value of 727MPa at the Cu content of 0.5wt. % in the welded metal. However, the value of tensile strength began to decrease at the Cu content of >0.72wt. %, but it was still higher than that of the copper-free FCAW welded metal. Such variation trend was similar to that of the yield strength test results, which had displayed a peak value of 657MPa at the Cu content of 0.28wt. %. As could be observed from the microhardness results in Fig 4b, the microhardness of the six welded metals varied from 232 to 256 HV0.3, which had slightly fluctuated at the Cu content of ≤0.5wt. %. However, the value of microhardness would suddenly decrease when the Cu content had reached 0.7wt. %. 10CrNi3MoV is the well-known high strength steel, which is frequently utilized to build constructional structures. Therefore, the welded metal of this steel should necessarily have a low yield ratio (which represents a ratio of yield strength to tensile strength) as well as a low temperature toughness. Based on the above mechanical properties of the six FCAW welded metals, Cu content of 0.5wt. % would lead to more effective strengthening effect, and such increase in strength might be attributed to the solid solution strengthening as well as the grain refinement under Cu addition, as observed in other studies [20, 21] . For the ferrite steel, the strengthening mechanisms had been identified as the solidsolution strengthening and grain-refinement strengthening, as indicated by Eq.(1) [22, 23] . where ∆σ was the yield strength, ∆ 0 was the strength of the pure iron, ∆ and ∆ represented the contributions of solid-solution strengthening and grain-boundary strengthening, respectively, while d stood for the average diameter of the ferrite grain [24] . As could be observed from Fig.3 , a more refined structure of the FCAW welded metal could be obtained when the Cu content was appropriately increased. The reason why Cu addition at ≤0.28wt. % would sharply increase the yield strength could be easily figured out from the above microstructure and mechanical analyses. Moreover, the grain size and microstructure would obviously change at the Cu content of >0.5wt. %, while the yield strength would decrease. Fig.6 has presented the Nyquist plots regarding the experimental impedance spectra obtained with different welded metals exposed to 3.5 wt.% NaCl at different immersion time periods. Specifically, the Nyquist plots of all the welded metals had exhibited a complete capacitive reactance, which was indicative of the presence of the time-constant electrode processes; for example, Rs(RctQdl), where Rs was the solution resistance, while Rct and Qdl represented the charge-transfer resistance and double layer capacitance, respectively. In addition, the single capacitive semi-circle also indicated that the corrosion process was mainly controlled by the charge transfer [25] . On the other hand, the real part diameter of the semicircle in the Nyquist plots had represented the anti-dissolution properties. Fig. 6 suggested that the corrosion resistance of the welded metals was increased with the increase in Cu addition. All the semi-circle diameters in the Nyquist plots had gradually decreased with the increase in immersion time, except for the welded metal with 0.89wt. % Cu content, whose EIS spectral shape showed noticeable fluctuant change. For the copper-free welded metal, the capacitive response was effectively independent of the immersion time. Besides, when the FCAW welded metal with 0.72wt. % Cu content was immersed in the aqueous 3.5% NaCl solution from 24 h to 48 h, the Nyquist had exhibited the largest semicircle diameter. As the immersion time extended from 72 h to 336 h, the welded metal with 0.5wt. % Cu addition had presented the largest capacitive arc, which indicated that the protective film formed on this weld deposits had become more stable than others with the extension of time. Taken together, the above EIS test results had demonstrated that Cu addition would boost the corrosion resistance of the FCAW welded metals. Figure 7 . Equivalent circuit used to model the experimental EIS data.
Electrochemical properties of the welded metals
R(Q(RW))
The equivalent circuit R(Q(RW)) shown in Fig.7 was used to simulate the welded metal corrosion in the NaCl solution. Rs representing the solution resistance, Rct is the charge-transfer resistance, Warburg impedance (W) is considered to the diffusion resistance. The fitting results are listed in Tab.6, and the respective errors are below 1%. The Cu4 sample with 0.72wt. % Cu content has the highest Rct value at the beginning of the corrosion test. As the immersion time extended to 240 h, the welded metal with 0.50wt. % Cu content (Cu3 sample) change to has the highest Rct value. Potentiodynamic polarization measurements had also been performed in the 3.5% NaCl solution at room temperature under different immersion times. The typical anodic and cathodic polarization curves, as well as the polarization parameters are illustrated in Fig.8 and Table 7 , respectively. As displayed in Fig.8 , the presence of Cu would affect both the cathodic and anodic tafel lines, which also indicated that both the anodic and cathodic processes would be controlled by the charge-transfer processes, and such findings were consistent with those from previous Nyquist analysis. Fig. 8a revealed that, the potentiodynamic polarization curve had shifted to the more negative direction with the increase in Cu content after being immersed in NaCl solution for 24 h. As the immersion time extended, all the corrosion potentials had shown the more negative values, which might be resulted from the formation of the oxide layer that could provide the barrier to the oxygen reduction reaction [26] . Fig.8a has also compared the polarization curves among various welded metals. As could be observed, the current density would no longer increase with the potential during anodic polarization when the Cu addition amount had reached 0.89wt. %; instead, it maintained at a relatively stable value, indicating that the passive film could only be formed at this Cu addition content. In Table 7 , the Ecorr was the corrosion potentials, which represented the corrosive susceptibility, while the Icorr represented the corrosion current densities, which served as a key factor to the corrosiondissolution rate of a material. Apparently, the corrosion current densities were more intense for the copper-free welded metal under different immersion times compared with the Cu-added specimens, suggesting that Cu addition could reduce the Icorr value and enhance the corrosion resistance of the FCAW welded metals in 3.5 wt. % NaCl solution. After 24 h of immersion, the test specimen with 0.5 mt% Cu content had the lowest Ecorr and Icorr values, which had the strongest corrosion reduction effects. 
SVET characterization
Fig . 9 shows the SVET maps for measuring the welded metals, which can test the local corrosion potential under the specimen surface. The 3D maps had clearly shown that, the copper-free welded metal had the higher susceptibility to corrosion in the NaCl solution. Besides, the current density had displayed the obvious trend of first decrease and then increase as the Cu content had increased. As shown in Fig.  8 (c) , the minimum average value of current density for the welded metal (approximately 19 μA/cm 2 ) with 0.28wt. % Cu content had exhibited the best corrosion performance. When the Cu content had increased from 0.5wt. % to 0.89wt. %, the maximum current density had sharply increased, which would no longer change with the increase in Cu addition and maintain at an average value of about 54 μA/cm 2 ,
indicating that the addition of excessive Cu might not improve the corrosion resistance of the welded metals.
(e) (f) Figure 9 . SVET maps of different welded metals after 12 h of immersion in the 3.5 wt. % NaCl solution: （a）Cu0 （b）Cu1, 0.11wt. %（c）Cu2, 0.28wt. %（d）Cu3, 0.5wt. %（e）Cu4, 0.72wt. % （f）Cu5, 0.89wt. % It could be seen from Fig.9 (a) to (d) that, the distribution of corrosion currents became more uniform as the Cu content had increased from 0wt. % to 0.5wt. %, which was consistent with the microstructure results. Moreover, the welded metal with 0.5wt. % Cu addition had exhibited the higher maximum corrosion current value, but it had the best homogeneous distribution of corrosion current density, which suggested that a uniform oxide had been formed on the welded metal surface. Typically, the increased corrosion current density might contribute to the formation of a large amount of acicular ferrites. Besides, the acicular ferrite morphology was associated with less exposure area to the corrosive medium, which might thereby affect the reduction reaction in NaCl solution [26, 27] .
CONCLUSIONS
The effects of Cu addition on the microstructure and corrosion behaviors of the FCAW metal with 10CrNi3MoV steel have been investigated through the scanning vibrating electrode technique (SVET) as well as other conventional measurement techniques, and the following conclusions can be summarized:
(1) The six different welded metals possess similar major microstructures of the pro-eutectoid ferrite and bainite. Besides, the increase in Cu addition from 0wt. % to 0.5wt. % can refine the grain size and promote the growth of acicular ferrites. Cu precipitates can be observed in the welded metals when the Cu content has reached 0.5wt. %; in addition, the grain morphology and size have become nonuniform and coarse when the Cu content is further increased to 0.89wt. %.
(2) Results of mechanical analysis reveal that Cu addition at the level of ≤ 0.28wt. % can sharply enhance the yield strength, which will be decreased at the Cu addition of > 0.5wt. %. Nevertheless, Cu addition will negatively affect the microhardness and the Charpy impact energy.
(3) According to EIS results, the appropriate Cu addition amount can improve the corrosion resistance of the FCAW welded metals, which is achieved through increasing the semi-circle diameter in Nyquist plot; thus, the corrosion potentials (Ecorr) will be shifted to the more negative values and the corrosion current densities will be lowered (Icorr). After 24 h of immersion, the test specimens with 0.5 mt% Cu addition has the lowest Ecorr and Icorr values, which has displayed the greatest corrosion reduction effect.
(4) Results of local electrochemical SVET test indicate that, the distribution of corrosion currents becomes more uniform when the Cu content has increased from 0wt. % to 0.5 wt. %. Specifically, the welded metal with 0.28 wt. % Cu addition has the lowest maximum corrosion current density (23μA/cm 2 ); meanwhile, the test specimen with 0.5 wt. % Cu content has the most homogeneous distribution of corrosion current density. (5) It can be discovered that Cu should be added within a content rang of 0.3wt. %-0.45wt. %, so as to achieve sufficient effect and obtain the optimal microstructure, mechanical and corrosion properties for the 10CrNi3MoV steel welded metal.
